Vertebrate laterality, which is manifested by asymmetrically placed organs [1] , depends on asymmetric activation of the Nodal signaling cascade in the left lateral plate mesoderm [2] . In fish, amphibians, and mammals, a cilia-driven leftward flow of extracellular fluid acts upstream of the Nodal cascade [3] [4] [5] [6] . The direct target of flow has remained elusive. In Xenopus, flow occurs at the gastrocoel roof plate (GRP) in the dorsal midline of the embryo [4, 7] . The GRP is bordered by a second, bilaterally symmetrical Nodal expression domain [8] . Here we identify the Nodal inhibitor Coco as a critical target of flow. Coco and Xenopus Nodal-related 1 (Xnr1) are coexpressed in the lateralmost ciliated GRP cells. Coco becomes downregulated on the left side of the GRP as a direct readout of flow. Ablation of flow prevented Coco repression, whereas Xnr1 expression was independent of flow. Loss of flow-induced laterality defects were rescued by knockdown of Coco on the left side. Parallel knockdown of Coco and Xnr1 in GRP cells restored laterality defects in flow-impaired embryos, demonstrating that Coco acted through GRP-expressed Xnr1. Coco thus acts as a critical target of flow, suggesting that symmetry is broken by flowmediated left-asymmetric release of Nodal repression at the midline.
. An increase of left-sided midline Nodal expression was reported during early somite stages in mouse [15] , i.e., concomitant with flow, suggesting that Nodal was upregulated by flow. For Nodal to react directly to cilia-driven flow, Nodalexpressing cells should be part of the ciliated epithelium, because low Reynolds number fluid dynamics predict flow to be restricted to ciliated cells themselves, and not to reach beyond [16] .
In order to determine the identity of Nodal-positive cells at the midline, a detailed descriptive analysis was performed in Xenopus laevis embryos at stage 17, i.e., during flow. Transverse histological sections demonstrate Xnr1 expression in the ventral presomitic mesoderm (Figure 1Ab ), as reported previously [17] . In addition, Xnr1 was detected in 1-3 rows of cells exposed to the gastrocoel roof (Figures 1Ab and 1Ac ). These cells could be part of the GRP or could be endodermal in nature. The lateralmost GRP cells have been shown to become integrated into the somite once the GRP folds off from the archenteron [7] . MyoD expression was analyzed in embryos at the same stage. Transverse sections demonstrate the identity of superficial Xnr1 cells with somitic GRP cells (Figures 1Ba and 1Bb) , a notion further supported by an overlay of Xnr1 whole-mount in situ hybridization signals with scanning electron micrographs (SEMs) of the same dorsal explant (Figure 1Ca ; see also Figure S1A available online). High magnification confirmed the ciliated nature of superficial Xnr1 cells (Figure 1Cb) . Interestingly, the Xnr1 domain correlates well with our previously described lateral GRP region, which is characterized by unpolarized cilia (Figure 1Cc ; [4] ). In the mouse, Nodal-positive midline cells are ciliated as well (A.S. and M.B., unpublished data), indicating conservation of mechanisms. In summary, this analysis unequivocally identified the superficial Xnr1 cells as lateralmost ciliated GRP cells fated to become somitic mesoderm.
Midline Xnr1 Is Required Downstream of Flow
The dependence of LPM Nodal cascade induction on midline Xnr1 was previously assessed in Xenopus with an Xnr1-specific antisense morpholino oligonucleotide (MO) that targeted the translational start site [17] . We used this MO to analyze whether midline Xnr1 was required upstream, during, or downstream of flow. Injections were performed in a way to target the GRP specifically and to avoid the LPM, as previously described [18, 19] . Morphants mimicked the mouse phenotype, i.e., midline Xnr1 was required for the induction of the Nodal cascade in the LPM (Tables S1A and S1B ). The lateral GRP cells were still present, as demonstrated by mRNA localization of the coexpressed MyoD gene ( Figure S1B ). Flow was not affected in morphants (Figure 1Da , Db; Movie S1), demonstrating that Xnr1 was required downstream of flow.
Midline Xnr1 Expression Patterns are Independent of Flow Next we wondered whether the reported midline Nodal asymmetry in mouse was present in frog neurula embryos as well. Wild-type (WT) embryos were assessed for midline Xnr1 expression patterns from stage 12-13, when Xnr1 was first detectable, to stage 22-23, when the GRP had folded off in the majority of cases [4, 7] . Patterns were classified into three classes: equal intensities of signal, right bias, or left bias. The latter two categories were only used when differences were obvious, such as in the specimens depicted in Figure 2B . The combined data from 296 preflow and flow stage (stage [14] [15] [16] [17] [18] and 209 postflow (stage [19] [20] [21] [22] embryos demonstrated that patterns were indistinguishable ( Figure 2C ; Figure S2 ). In particular, the percentage of left-biased expression patterns was constant with 25.9% 6 2.7% throughout the entire time period. In addition, in the majority of cases (53.2% 6 4.8%), identical signal intensities on either side of the GRP were encountered.
In order to test whether patterns depended on flow, the same type analysis was performed in embryos in which flow was ablated mechanically by injection of methylcellulose into the archenteron [4] or genetically by knockdown of the dynein heavy chain gene dnah9 [19] . Asymmetric marker gene expression or organ situs was affected in >50% of cases (Figure S3 ). In agreement with the constant distribution of patterns during and after flow, no differences were recorded upon loss of flow ( Figure 2C ). Together, these data strongly suggest that, whereas Xnr1 is required downstream of flow, variable mRNA expression patterns arise independently of flow.
The unequivocal requirement of midline Xnr1 for LPM Nodal cascade induction raised the question of which flow-dependent mechanism(s) might affect midline Nodal activity on the left side. Based on previous experiments, we concluded that Xnr1 itself was not transported by flow across the GRP to create a protein imbalance. Side-directed inhibition of ciliary motility had demonstrated that flow was only required at the left half of the GRP [19] , in agreement with the finding that Xnr1 knockdown on the right side had no effect on laterality (cf. Table S1B and [17] ). We therefore wondered whether the known Nodal inhibitor Coco, which was previously shown to be coexpressed with Xnr1 in the paraxial mesoderm [17] , would qualify as a target of flow.
Flow Affects Expression of the Nodal Inhibitor Coco
Coco is a member of the Cerberus-Dan family of cysteine-knot secreted proteins and encodes a multifunctional inhibitor of signaling molecules (Nodal, BMP, Wnt) [20] . It is homologous to mouse cerberus-like-2 (Cerl2) [21, 22] , caronte in chick [23] [24] [25] , and Charon in fish [26, 27] . Loss of function resulted in LR defects in Xenopus, mouse, and fish [17, 21, 23, 24, 26, 27] . Cerl2 is coexpressed with Nodal at the mouse posterior notochord (PNC) [22] . Coexpression of Xnr1 with Coco in frog extends to the lateralmost GRP cells as well, as demonstrated by histological analysis of whole-mount in situ stained neurula embryos (cf. Figures 1A and 1B and Figure 3A) . A right bias was reported for Cerl2 expression in mouse [21, 22] and for Charon in medaka [27] , and this bias was interpreted to occur through right-sided induction [21] .
In order to investigate a possible Coco asymmetry in frog, its expression pattern was analyzed in WT (untreated) embryos during and after flow stages. Signal intensities increased markedly between stage 14-15 (preflow) and stage 21-22 (postflow). As for Xnr1, three patterns were observed: equal Figure 3C ). To test whether flow was causal for this correlation, we assessed patterns in flow-ablated embryos at postflow stages, as described for Xnr1 above. Methylcellulose treatment and dnah9-MO injections were efficient in >50% of cases, as demonstrated by analysis of Pitx2c mRNA transcription and organ situs in 2-and 5-day-old tadpoles, respectively ( Figure S4 ). Significantly, in methylcellulose-injected specimens, the percentage of right-biased Coco expression patterns dropped to 26%, compared to 38% in buffer-injected specimens analyzed at stage 19-20 ( Figure 3C ; p = 0.011). Knockdown of dnah9 was even more efficient, with a reduction of right-bias Coco patterns to 38%, compared to 58% in control MO-injected specimens analyzed at stage 21-22 ( Figure 3C ; p < 10 24 ). These results demonstrate that Coco expression is a target of flow.
Flow-Dependent Left-Sided Repression of Coco Is Required for Activation of the Nodal Cascade in the LPM
The observed right bias of Coco mRNA levels at the GRP in only about 70% of postflow WT embryos contrasts with the >95% development of situs solitus in Xenopus embryos (unpublished data). We therefore wondered whether left-sided Coco downregulation was causal to the asymmetric induction of the Nodal cascade in the LPM or rather reflected an indirect (and therefore less than quantitative) consequence of a different underlying symmetry-breaking readout of flow.
In order to investigate these options, we performed epistasis experiments in which flow and Coco were eliminated alone or in combination. Most experiments were performed in a sided manner, as described previously [19] . Targeting to the GRP was very precise and was controlled in all experiments by parallel injection of lineage tracer at the 4-cell stage [19] . In particular, the LPM was not affected by our injection scheme [19] . Results are summarized in Figures 4A-4D and Table S1 . Flow was not affected by Coco knockdown ( Figure 3D ; Movie S1). Left-sided knockdown of Coco in WT embryos had no effect on laterality ( Figure 4A ; [17] ). This result is in agreement with the model in which left-asymmetric downregulation of Coco in WT embryos is causal to the induction of the Nodal cascade. Thus, an additional knockdown in this case should have no effect. Inhibition of flow by methylcellulose injection or left-sided targeting of cilia motility in dnah9 morphants resulted in w50% absence of left LPM Nodal cascade induction in both cases (Figures 4Aa, 4Ab , and 4C; [4, 19] ). This quite efficient treatment therefore offered the opportunity of testing whether, in the absence of flow, i.e., in the absence of Coco repression, MO-induced Coco knockdown would rescue laterality by mimicking flowmediated events. To that end, a parallel left-sided knockdown of Coco and flow (both by dnah9-MO and methylcellulose injection) was performed. In this experiment, the left LPM cascade was rescued almost back to WT levels (>85% WT Pitx2c expression in both cases; Figures 4Aa,  4Ab, and 4D ). This striking restoration of asymmetry in flow-deficient embryos, together with the lack of laterality defects in WT embryos in which Coco was knocked down on the left side, unequivocally demonstrates that Coco is a functional target of cilia-driven leftward flow ( Figure 4D ).
As previously reported [17] , knockdown of Coco in the right GRP domain resulted in bilateral induction of the Nodal cascade ( Figure 4A ), confirming a rightspecific requirement of Coco in WT embryos that perfectly matched the right bias of mRNA expression. This result suggests that Coco knockdown is sufficient to induce the Nodal cascade at a distance, even on the side that is never touched by flow. Coco should thus represent a decisive flow target gene. In particular, any additional effect on midline Nodal is not required (though not excluded), based on these experiments. This notion was further supported by right-sided knockdown of Coco in flow-ablated embryos, which resulted in right-asymmetric induction of the LPM Nodal cascade in 65% (dnah9-MO) and 67% (methylcellulose) of specimens (Figures 4Aa and 4Ab) , a pattern only rarely observed in mouse mutants with randomized laterality or upon any other experimental manipulation of left-right asymmetry.
Coco has been characterized as a multipotent inhibitor of Nodal, BMP, and Wnt signaling pathways [20] , and BMP and Wnt signaling both have been implicated in laterality specification as well [28] . We therefore wondered whether the Coco-MO-mediated rescue of laterality in flow-ablated specimens was indeed dependent on Nodal. The almost complete restoration of WT laterality upon Coco knockdown in flow-impaired embryos (Figures 4Aa, 4Ab, and 4D ; Table S1 ) allowed us to assess this question directly. If Coco acted through a Nodal-independent pathway, an additional Xnr1 knockdown in laterality-restored Coco;dnah9 morphants should not result in LR defects. Involvement of Nodal and a second pathway (Wnt and/or BMP) should lead to partial induction in flowimpaired Coco;Xnr1 double morphants. Parallel injections of control MO, together with Coco-MO and dnah9-MO, did not affect laterality ( Figure 4A ). The triple knockdown of flow, left-sided Coco, and midline Xnr1, however, fully restored laterality defects (81% with dnah9-MO and 65% with methylcellulose), seen with inhibition of flow alone (Figures 4Aa and  4Ab ). This result establishes that midline Xnr1 is required downstream of Coco and strongly suggests that Coco functions as an inhibitor of Nodal.
Laterality Determination by Flow-Mediated Release of Nodal Repression
Together, these data are consistent with a model in which leftward flow represses Coco on the left margin of the GRP, which in turn releases repression of the coexpressed Nodal protein ( Figures 4B and 4E ). We show in the frog that before flow, from about stage 13-14 onward, i.e., when the GRP first forms, Xnr1 and Coco are coexpressed in the lateralmost, somitic GRP cells, resulting in a balanced distribution of factors. Downstream of Coco, the Xnr1 protein is required for the transfer of laterality to the left LPM. The somitic fate of Xnr1-positive GRP cells may indicate that transfer of laterality cue(s) might occur via a somitic route, because these cells become integrated into the somites once they fold off from the GRP starting at stage 17-18 [7] . The described glycosaminoglycan-mediated transfer route in mouse between endoderm and mesoderm is in agreement with such a proposal [29] .
While this paper was under review, Coco expression was used as readout in a study on inv function in the mouse [30] . Coco asymmetry was found to be altered in homozygous inv;inv embryos [30] . Because flow was reported to be aberrant in the inv mouse mutant [31] , these data support a conserved function of Coco in the vertebrates. Indeed, the authors speculate about a possible repression of Coco through flow [30] . In the mouse, a consistent left-sided asymmetry of nodal mRNA expression was reported at the PNC in postflow stage embryos [15] , in contrast to the analysis of Xnr1 mRNA expression in Xenopus reported here (cf. Figure 2) . It was proposed that leftward flow resulted in an accumulation of left-asymmetric Nodal protein as a result of leftward flow [13] , a hypothesis that so far could not be tested directly in mouse or frog, short of an antibody, which would detect the native protein in situ. At this point, we can therefore not exclude that flow, in addition to Coco mRNA repression, leads to an accumulation or stabilization of Nodal protein at the left margin of the GRP/PNC in a flow-dependent manner, consequently contributing to the establishment of the LR body axis. Our study, however, unequivocally established Coco as a decisive target of flow. This finding will offer the opportunity of testing how flow achieves repression of Coco, in particular with respect to the currently entertained models of flow-based symmetry breakage. The two-cilia model has been put forward based on the observation that in the mouse PNC, two populations of cells exist: cells harboring motile cilia at the center, and immotile sensory cilia at the periphery [10] . The model postulates that peripheral mechanosensory cilia detect flow and produce a left-asymmetric calcium signal, which in turn enables induction of the LPM Nodal cascade [10, 32] . It will be interesting to analyze whether the asymmetric calcium signal is conserved in frog, and if so, whether it is upstream or downstream of Coco. In any case, our study supports the existence of two types of ciliated cells at the frog GRP: Xnr1-and Coco-positive cells at the periphery, and central GRP cells devoid of these factors. In addition, the Xnr1/Coco cells possess unpolarized cilia, which-even if they were motileshould not promote leftward flow across their surfaces, i.e., flow should come to a halt at these cells.
The second model assumes that flow transports a morphogen across the ciliated epithelium [3, 31, 33] . In mouse, so-called ''Nodal vesicular parcels'' (NVPs) are secreted in a fibroblast growth factor-dependent manner from the ciliated cells [34] . NVPs harbor Sonic hedgehog (Shh) and retinoic acid (RA); both factors are established LR players in all model organisms looked at. NVP-like vesicles are present at the frog GRP as well (T.B. and M.B., unpublished data). A paradigm for a link between Shh signaling and Cerberus-Dan gene regulation is provided by mouse limb development, where the downstream transcription factor Gli3 acts as a repressor of the Cerberus-Dan family member Gremlin [35] . A target for midline RA has not been identified as yet. The bilateral induction of the LPM Nodal cascade upon RA treatment in mouse, zebrafish, frog, chick [36] , and rabbit (unpublished data), however, is in line with a left-specific function of RA. It remains to be seen whether and how RA signaling affects Coco expression. In addition, the two-cilia and morphogen models need not be mutually exclusive. Based on this study, any mechanism activated by flow should be sensed by the Xnr1/Coco cells at the lateral margin of the GRP. In any case, the identification of Coco as a crucial flow-sensitive target gene will enable the elucidation the molecular pathway underlying this repression, be it transcriptional, posttranscriptional, translational, or a combination thereof.
Experimental Procedures

RNA In Situ Hybridization and Histological Analysis
Embryos were fixed in Memfa for 2 hr and processed following standard protocols. Digoxigenin-labeled (Roche) RNA probes were prepared from linearized plasmids with SP6 or T7 RNA polymerase (Promega). In situ hybridization was according to [37] . Lineage tracers included rhodamine-B dextran (0.5-1.0 mg/ml; Molecular Probes) or CMV-GFP (100 ng/ml). For histological analysis, embryos were embedded in gelatine-albumin and sectioned on a vibratome (30 mm). Statistical calculations of gene expression patterns were performed with Pearson's chi-square test (Bonferroni corrected; http://statpages.org/). Scoring of Xnr1 and Coco midline expression patterns was performed double blind by two investigators. SEM analysis was performed as described previously [4] .
Microinjections
Embryos were injected at the 4-to 8-cell stage with a Harvard Apparatus setup. Drop size was calibrated to about 7-8 nl/injection. Morpholinos were used at concentrations indicated. Lineage tracer RNAs were prepared with the Ambion message machine kit and diluted to a concentration of about 50-100 ng/ml. Injections were performed as described previously [19] .
Flow Analysis
Embryos were coinjected with MO and lineage tracer (0.5 mg/ml rhodamine-B dextran) at the 4-to 8-cell stage in order to target the GRP. Data processing was as described previously [4, 19, 38] .
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